INTRODUCTION
Recent advances in understanding the brain from a network perspective (Bassett et al., 2017) suggest that restoring connectivity among different regions of the brain after cerebral injury is crucial for recovering function. However, axon regeneration in the central nervous system is severely restricted after traumatic brain injury, stroke, and other similar conditions because of the presence of environmental axon growth inhibitors (Yiu and He, 2006) and the limited regenerative potential of mature neurons (Fernandes et al., 1999; He and Jin, 2016) . Moreover, although intrinsic plasticity mechanisms exist in the brain (Chen et al., 2014) , the extent to which the brain can rewire itself is constrained, especially in cases of extensive brain damage. There is thus a critical need to develop strategies for reconstructing brain circuitry.
Prior approaches for restoring axonal pathways include dampening the effects of axon growth inhibitors (GrandPre et al., 2002; Wiessner et al., 2003) , augmenting intrinsic neuronal growth programs (Sun et al., 2011) , providing pathways that facilitate axon growth (David and Aguayo, 1981; Martinez-Ramos et al., 2012) , and adding new neural elements capable of extending processes (Espuny-Camacho et al., 2013; Gaillard et al., 2007) . These strategies are all based on the fundamental concept of promoting axon growth in vivo. A different approach is the transplantation of preformed axon tracts that are engineered in vitro. This alternative relies upon graft integration via the formation of local synaptic connections between transplanted neurons and the host brain but dispenses with the need for long-range axon regeneration. Other benefits include a greater degree of control over a broader array of available tools for promoting axon growth (Chen et al., 2016) . Available technologies for axon engineering include stretch growth (Chen et al., 2019; Pfister et al., 2004) , patterned substrates (Pan et al., 2015; Smith et al., 1999) , and hydrogel micro-columns (Cullen et al., 2012; Struzyna et al., 2015b) . Thus far, these methods have utilized primarily dissociated neuronal cultures.
Brain organoids are neural tissues derived from the self-organization of pluripotent stem cells (Kadoshima et al., 2013; Lancaster et al., 2013; Pasca et al., 2015; Qian et al., 2016) . They develop a significant degree of brain architecture, including rudimentary cortical layers, but large-scale axon bundles are not seen. Inducing the growth of axons from organoids in a controlled manner could lead to repair candidates that replace not only white matter pathways but also gray matter structure ( Figure 1A) . Here, we combined brain organoids with hydrogel micro-columns to generate centimeter-long human axon tracts in a threedimensional (3D), transplantable format. We report the growth characteristics of axons in these constructs, the phenotype and structure of the axonal and somatic regions, and an initial assessment of anatomic and functional connectivity. (left) . In brief, thalamic inputs enter layer IV, which transmits information to layers II and III. Processed data are then conveyed from these layers to layers V and VI, which send outputs to subcortical targets. Horizontal projections exist primarily in layers II/III and V. Engineered cortical tissue/axons could serve as replacements for both long-range horizontal and vertical connections (right). (B-E) (B) Human embryonic and induced pluripotent stem cell lines were used to generate brain organoids using a modified version of existing protocols (Pasca et al., 2015) . Organoids were inserted into one or both ends of the mTENN micro-column. The micro-column lumen provided the necessary directionality for the formation of aligned neurite tracts. Phase contrast micrographs show embryoid bodies (C) and dd15 (D) and dd45 brain organoids (E). (F) Immunofluorescence staining confirmed the human origin of these organoids (human nuclear antigen, red). (G) Organoids (dd61) recapitulated neurodevelopmental structures, including ventricle-like zones surrounded by neural progenitors (Pax6, red) and differentiated neurons (MAP2, green). (H) Separation of upper-(Satb2, green) and lower-layer (CTIP2, red) cortical neurons also was observed (dd61). (I) Organoids plated on a planar surface extend neurites in an isotropic manner (MAP2, magenta; Tuj1, green; Hoechst, blue). (J) In contrast, organoids inserted into a mTENN micro-column displayed directional growth of neurites within the lumen, as shown by this image of an ESC-derived construct that had extruded from the agarose outer shell (25 DIV; MAP2, magenta; Tuj1, green; Hoechst, blue).
RESULTS

Generation of Organoid mTENNs
Micro-tissue engineered neural networks (mTENNs) are hydrogel columns that are hundreds of microns in diameter and patterned to separate neuronal somata from aligned neurites (Cullen et al., 2012; Struzyna et al., 2015a) . This configuration recreates, in part, the segregation of neuronal populations and long-range axon tracts found in the brain. These constructs consist of a relatively firm hydrogel shell that can withstand physical manipulation and an extracellular matrix core conducive to cellular and neurite growth ( Figure 1B ). In the present study, we engineered agarose tubes containing a cross-linked type I collagen core that facilitated the constrained growth of neurites.
Cortical organoids were generated from both the H9 human embryonic stem cell (ESC) and a human induced pluripotent stem (iPSC) line from a healthy volunteer using a modified version of a previously published protocol (Pasca et al., 2015) . Embryoid bodies derived from enzymatic elevation of whole pluripotent stem cell colonies ( Figure 1C ) developed into organoids with multiple internal substructures and peripheral translucency, a marker of developing neuroepithelium ( Figures 1D and 1E ). These organoids expressed human nuclear antigen ( Figure 1F ) and formed ventricle-like structures surrounded by an adjacent layer of neural progenitors (Pax6+) and an outer layer of differentiated neurons (MAP2) ( Figure 1G ). By differentiation day (dd) 61, both upper-(Satb2+) and lower-layer (CTIP2+) cortical neurons were identified with the development of rudimentary laminar architecture ( Figure 1H ). Organoids cultured on a planar surface extended neurites in an isotropic fashion ( Figure 1I ), whereas organoid tissue inserted into one end of a hydrogel micro-column projected a combination of axons (Tuj1+/MAP2-) and dendrites (Tuj1+/MAP2+) exclusively along the length of the collagen matrix core ( Figure 1J ).
Neurite Growth in Organoid mTENNs versus Non-manipulated Organoids
Taking advantage of this directional growth of organoid-derived neurites, we generated unidirectional organoid mTENNs ( Figure 1K ) and determined their neurite growth characteristics over 50 days in vitro (DIV). We observed progressive growth of these neurites until they reached the end of the 1-cm micro-column, which was seen as early as 40 DIV. Organoids grown on planar surfaces exhibited isotropic neurite growth over time ( Figures 1L and 1M ), but these neurites were qualitatively shorter and less dense than those seen in the 3D organoid mTENNs. To better compare neurite growth between 3D and planar growth conditions, we quantified neurite length ( Figure 1N ) and growth rates ( Figure 1O ) for each group at multiple time points. Neurites in the organoid mTENNs were significantly longer than those in the planar organoids from 7 DIV onward. Neurites from planar organoids plateaued in length at about 2 mm by 10 DIV, whereas neurites within the organoid mTENNs continued to grow until the end of the micro-column was approached. This difference was also captured in the growth rate analysis, which showed relatively stable neurite growth in the organoid mTENNs at 0.4 mm/day for 10 DIV before a drop in growth rates. In contrast, planar organoids exhibited a steady decrease in growth rates from the start. To rule out cell viability as a potential reason for this difference in neurite growth, we evaluated the health of organoid mTENNs versus organoids that had not been placed in a micro-column using a live-dead stain. We found no difference in the proportion of live cells between the two groups at 30 or 60 DIV ( Figure S1 ).
Neurite Segment Characterization of Bidirectional Organoid mTENNs
We next assessed the growth patterns and structural details of the neurites in bidirectional mTENNs, in which organoid tissue was inserted into both ends of the hydrogel micro-column. Initially, 0.5-cm constructs were generated ( Figure S2A ). At this construct length, neurites crossed the entire length of the Continued (K-M) (K) Confocal images of GFP+ iPSC-derived organoid mTENNs in 1-cm columns were obtained at multiple time points up to 50 DIV. These images show that organoids can support the growth of long, aligned neurites spanning a width of 500 mm and extending up to 1 cm at 50 DIV. Phase contrast (L) and confocal images (M, GFP) show an organoid grown on laminin-coated planar surfaces as a control. (N) The length of neurite growth was quantified as a function of time for organoids grown in 3D micro-columns and on planar surfaces. By 7 DIV, neurite length in the 3D micro-columns was significantly greater than that on planar surfaces, with the former eventually reaching lengths close to 1 cm, whereas the latter plateaued at 2 mm. (O) Neurite growth rates declined over time in both conditions but were maintained at higher levels in the micro-column condition. Data are presented as mean G SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Tukey's multiple comparisons test). Scale bars: 500 mm (C, E, I, K, and M), 200 mm (D), 40 mm (F), 100 mm (G), 50 mm (H), 150 mm (J), and 250 mm (L). collagen core by 24 DIV ( Figure S2C ). To quantify neurite densities, the normalized mean fluorescence intensity of five different regions of interest (ROIs) in the neurite segment was measured (Figures S2A and S2D) . This analysis showed that both GFP and Tuj1 intensity ratios were similar in all ROIs that were not immediately adjacent to the organoid cell mass, suggestive of a neurite network that had reached a more homogeneous distribution of neurites by 24 DIV.
At a longer construct length of 1 cm, neurites from each side grew a considerable distance by 24 DIV but had not fully crossed at the center of the neurite segment (Figures 2A and 2B ). Continued neurite growth resulted in what appeared to be the formation of a more uniform neurite network by 60 DIV (Figures 2C and 2D) . On a qualitative basis, neurite density at the center of the neurite segment increased over time. Individual neurites could be resolved near the center of the mTENN at 24 DIV ( Figure 2B ), but neurite density increased considerably in the same region by 60 DIV ( Figure 2D ). To quantify this observation, we again measured normalized mean fluorescence intensities across five ROIs in the neurite segment. At 24 DIV, GFP and Tuj1 intensity ratios progressively decreased from the peripheral to the central parts of the neurite segment ( Figures 2E and 2F) . At 60 DIV, Tuj1 intensity ratios were similar across all ROIs, and GFP intensity ratios were similar between the inner and central ROIs. These results suggested active neurite growth and remodeling at 24 DIV and a more homogeneous distribution of neurites at 60 DIV similar to the 24 DIV results for 0.5-cm constructs.
We then used immunohistochemical techniques to characterize the phenotype and distribution of the organoid mTENN neurites. A mixture of axons (tau+) and dendrites (MAP2+) was present in the somatic region ( Figures 2G and 2H ). However, neurites in the center of the organoid mTENN were exclusively tau+, indicating their axonal nature ( Figures 2G and 2I ). Z stack reconstructions of the axonal region showed that neurites were distributed throughout the collagen core of the micro-column, although there was a higher density of processes at the collagen-agarose border ( Figure 2J ).
Somatic Segment Characterization of Bidirectional Organoid mTENNs
Hoechst staining was used to evaluate the migration of organoid cells into the center of the mTENN. We noted slightly more local cell migration at 30 DIV compared with 15 DIV (Figures S3A-S3F ). Some nuclei were identified in the center of the mTENN construct, but the number was miniscule compared with the organoid cell mass at either end (Figures S3G and S3H) . These data confirmed the relatively strict segregation between the somatic and axonal regions of the organoid mTENN. Notably, the area of Hoechst staining increased substantially between the two time points, which indicated continued growth of the organoid tissue ( Figure 3A ). Higher magnification examination of the organoid tissue at both time points revealed the formation of cellular aggregates with radial processes, particularly in Tuj1 stains (Figures 3B and S2B) . This pattern of cell clustering is not typically seen in conventional organoids but can be encountered in planar and 3D hydrogel cultures of dissociated neurons.
Additional immunohistochemical analysis was performed to examine the cellular composition of the organoid tissue. Astrocytes (GFAP+) were found throughout the somatic segment at both time points (Figures 3C and 3D) . Pax6+ cells were also scattered throughout the somatic segment, which indicated the continued presence of progenitor cells at time points greater than differentiation day (dd) 120 ( Figure 3E ) and explained the growth of the cell mass seen in Figure 3A . Many of the cells within this region stained positive for Tuj1 ( Figures 3C and 3D) , tau, and MAP2 ( Figures 3F and 3G ), confirming their neuronal identity.
Neurons positive for Satb2 and CTIP2, which are markers for primarily layer II/III (callosal) and layer V cortical neurons, respectively (Molyneaux et al., 2007) , were identified within the organoid tissue, assessed for their spatial distribution, and counted using an automated process ( Figure S4 ). No structural organization could be identified in some cases ( Figures 3H and 3J ), but some degree of laminar structure was preserved in others (Figures 3I and 3K) . Overall, constructs lacking structure were more commonly observed ( Figure 3L ). However, the frequency of constructs with segregation of Satb2+ and CTIP2+ cells increased from 24 DIV to 60 DIV ( Figures 3L and 3M ). Co-localization of Satb2 and CTIP2 labeling was observed at both time points ( Figure 3N ), a finding that has been associated with a distinct subpopulation of cortical projection neurons (Harb et al., 2016) . The percentage of CTIP2+ cells also expressing Satb2 decreased from 24 to 60 DIV, which mirrors murine development (Harb et al., 2016; Leone et al., 2015) .
Anatomic and Functional Integration between Organoids
To evaluate for integration between the organoids at the two ends of bidirectional organoid mTENN, we analyzed constructs in which one organoid was GFP+ and the other was RFP+. We observed crossing of axons originating from each end at later time points ( Figures 4A-4D ). We also found instances of axons from one organoid reaching and intermingling with the other organoid at the opposite end of the mTENN (Figures 4E and 4F ). There were synaptic puncta present in this region of GFP + processes mixed with RFP + somata ( Figure 4G ). These data indicate a degree of anatomic integration between the organoids at each end of the mTENN construct.
We next investigated functional connectivity between the organoids in a bidirectional mTENN using Fluo4based calcium activity ( Figure 4H ). Shorter constructs were necessary to capture activity from both organoids simultaneously. Spontaneous calcium events in the organoids were observed with an average frequency of 0.073 G 0.032 events/s (n = 12, mean G standard deviation). Synchronous calcium activity was observed in pairs of neurons, one from each organoid in the construct ( Figure 4I ). Assessment of (L) Each side of a cohort of constructs (24 DIV: n = 11 constructs/19 available sides, 60 DIV: n = 10 constructs/17 available sides) was scored for its degree of structural organization based on the spatial distribution of Sabt2+ and CTIP2+ cells (0 = no organization, 1 = geographic segregation but no laminar structure, 2 = laminar structure). Averaged scores from three blinded authors (D.K.C., W.G., H.I.C.) are depicted as histograms with four bins (%0.5, >0.5 and %1, >1 and %1.5, and >1.5 and %2) for each time point. (M) The mean of the averaged organization scores for each time point is illustrated. multiple pairs of cells showed a high degree of variability in the level of calcium activity synchrony both within an organoid and between organoids ( Figure 4J ). Looking specifically at synchrony between organoids, 16/36 (0.44) pairs of cells had a synchronization index (SI) greater than 0.5 on a 0-1 scale, and 9/36 (0.25) pairs had an SI greater than 0.8. These results are suggestive of at least some degree of functional connectivity between the two ends of the organoid mTENN.
DISCUSSION
We have produced the first example of constrained, long-projecting cortical axon tracts derived from human stem cell-derived brain organoids. It was recently shown that cortical organoids embedded in agarose extend axonal bundles of different identities (i.e., intracortical versus subcortical projection) into the adjacent hydrogel (Giandomenico et al., 2019) . Our constructs, which mirror the architecture of gray and white matter in the brain, build upon this work. The use of precisely engineered hydrogel micro-columns constrains axon growth in a pre-specified direction and facilitates tolerance of the physical manipulations required for transplantation into the brain. This work combines principles from the disciplines of stem cell biology and neural tissue engineering (Yin et al., 2016) and represents a first step toward the possibility of rewiring the brain with patient-specific, laboratory-grown cortical tissue spanned by axon tracts.
Developing methods for repairing axonal injury in the brain is particularly important because of the vital role axons serve in maintaining cerebral network function (Follett et al., 2009; Riley et al., 2011) . The approach of generating axon tracts in the laboratory has certain advantages over promoting axon growth in vivo, including greater control over cell types, gene expression, and growth conditions (Chen et al., 2016) . At the time of transplantation, there is also greater control over which regions of the brain are reconnected. The concept of mTENNs is one example of this approach that permits precise control over the architecture and physical properties of a 3D construct (Cullen et al., 2012; Harris et al., 2016) . Previously, it has been demonstrated that mTENNs built from aggregates of dissociated rat embryonic cortical neurons survive, maintain their structure, and project neurites into adjacent brain tissue up to 1 month after stereotactic implantation (Struzyna et al., 2015b) . This work recently was expanded to include mTENNs derived from aggregates of dissociated rat ventral mesencephalic (dopaminergic) neurons that were precisely implanted to reconstruct the nigrostriatal pathway in rats (Struzyna et al., 2018) . The current work improves upon the translational potential and increases the sophistication of mTENN technology by utilizing brain organoids as the source of neurons and axonal processes. These structured neural tissues can be derived from patient-specific iPSC lines, and they exhibit the architecture and possibly the micro-circuitry of laminar cortex that is lacking in re-aggregated neuron clusters (Birey et al., 2017; Kadoshima et al., 2013; Lancaster et al., 2013; Pasca et al., 2015; Qian et al., 2016) .
Several areas of improvement would benefit future iterations of organoid mTENNs. Although we observed segregation of cortical layer-specific markers in some constructs, most showed intermixing of these markers. This lack of structure could result from variability in organoid growth (Quadrato et al., 2017) or organoid manipulation during mTENN generation. Regarding the latter point, we found that the frequency of organized constructs increased over time. One potential explanation for this observation is that the physical disruption caused by organoid manipulation was mitigated in some cases by continued organoid growth, which restored structure through intrinsic programs of self-organization. The lack of or incomplete restoration of structure could be the product of insufficient time or a degree of structural disruption that was too great to overcome. Prior studies have documented that up to 40% of CTIP2+ cells also express Satb2 (Alcamo et al., 2008) . We found a higher percentage of CTIP2+ cells co-localizing with Satb2, which could result from differences in species (human versus rodent), time points examined, and choice of antibodies. Improved control of organoid architecture and phenotype will be important for facilitating the creation of custom cortical constructs, such as vertical versus horizontal circuits ( Figure 1A) . Our current protocol for creating human cortical axon tracts 1 cm in length from organoid tissue required 2-3 months for organoid preparation and 1-2 months for axon growth. Generating longer axon lengths in shorter periods of time would be important for human translation. Younger organoids or methods for accelerating organoid maturation (Li et al., 2017) could be used to shorten the time required for organoid preparation. Faster axon growth rates could be attained using growth factor regimens or by adapting other bioengineering techniques, such as axon growth via mechanical stretch (Pfister et al., 2004) . Applications of organoid mTENNs extend beyond reconstructing brain circuitry to serving as physiologically relevant models for studying internodal network function in human neurodevelopment and disease. This 3D system more faithfully replicates the modular structure of the brain than dissociated planar cultures (Shein-Idelson et al., 2011 , and they possess axon tracts that are not found in standard brain organoids. Moreover, organoid mTENNs may be more relevant to human disease than animal models (Lancaster and Knoblich, 2014) . Our data demonstrate initial evidence of anatomic and functional integration between the organoids at either end of bidirectional mTENN constructs. Using this platform to study network function will require further examination of the intrinsic neuronal activity of brain organoids (Birey et al., 2017; Quadrato et al., 2017) and a more detailed investigation of the capacity of organoid mTENNs for transmitting data across its axons (Chen et al., 2017 ). An improved understanding of how activity propagates across organoid mTENNs also would help establish the theoretical efficacy and limitations of using these constructs to restore axonal connectivity in vivo in the future.
Limitations of the Study
We derived organoid mTENNs from both an ESC and an iPSC line, but our results may not be completely generalizable to other pluripotent stem cell lines. Maintenance of organoid structure within the mTENNs was examined using a semi-quantitative analysis performed by three independent observers. Future studies could employ quantitative analysis techniques to further improve the rigor of the results. As discussed earlier, additional studies are needed to fully characterize the functionality of the organoid-derived axons. Stimulation and recording experiments will better delineate the connectivity between the two ends of the construct and its capacity to encode and decode information. Other studies are also necessary to empirically validate the value of human brain organoid mTENNs as substrates for in vivo brain repair and as platforms for modeling cerebral diseases and disorders.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Generation of brain organoids
Brain organoids were generated using a protocol modified from Pasca, et al., 2015. In brief, stem cell colonies were grown until they were approximately 3-4 mm in diameter, after which they were detached by incubation with collagenase type IV for 45-60 minutes at 37 o C. The detached colonies were washed once with hES media and then placed in ultra-low attachment 6-well plates (Corning, Corning, NY) After dd43, every other day media changes with Neuronal Media without growth factors were performed. Developing iPSC-derived organoids were cut at dd30-35 with sterile fine-tip forceps to a diameter less than 500 µm. Organoids derived from ESC and iPSC cells used for µTENN construction were between dd100-150 and dd62-79, respectively.
Fabrication of micro-column constructs
All materials were obtained from Invitrogen, BD Biosciences, or Sigma-Aldrich unless otherwise noted. The outer hydrogel shell of the micro-columns, which consisted of 1% agarose in Dulbecco's phosphate-buffered saline (DPBS) and had an outer diameter of 973 µm, was generated by drawing the agarose solution into a capillary tube (Drummond Scientific, Broomall, PA) via capillary action. An acupuncture needle (500 µm diameter; Seirin, Weymouth, MA) was inserted into the center of the agarose-filled capillary tube before agarose polymerization to produce space for an inner core. As the micro-columns gelled, a collagen solution was prepared on ice, consisting of 1 mg/mL rat tail type I collagen and the cross-linking agents 11.70 mM N-(3-Dimethylaminopropyl)-N'-ethylcarboimide hydrochloride, 4.3 mM N-Hydroxysuccinimide, and 35.6 mM sodium phosphate monobasic. Afterwards, the needle was removed, and the collagen solution was suctioned into the lumen formed by the needle to fill it completely. The micro-columns with collagen were then incubated at 37ºC for 30 min to allow the collagen to polymerize and cross-link. Finally, the micro-columns were pushed out of the capillary tubes using a 20-gauge needle into DPBS, sterilized under UV light for 30 min, and stored overnight at 37 ºC. The micro-columns then were rinsed twice with warm DPBS to remove remaining traces of the cross-linking agents, transferred to dishes with warm culture media, and then cut to the desired length (1-10 mm).
Organoids derived from ESC cells were cut into small pieces using fine-tip forceps and immediately inserted into one or both ends of the micro-columns under a dissection scope. In some cases, the organoids were subsequently trimmed with forceps to fit fully within the micro-column. Only iPSC-derived organoids that precisely fit within the micro-column lumen without additional cutting were used in fabricating this type of µTENN. For planar cultures, organoids were plated on tissue culture plates pretreated with 20 µg/mL poly-d-lysine at room temperature overnight followed by 20 µg/mL laminin at room temperature for 2 hours.
Immunohistochemical analysis of organoid µTENNs
Whole constructs were fixed in 4% formaldehyde for 35 min and permeabilized using 0.3% Triton X-100 (Sigma-Aldrich) plus 4% horse serum (HS; Invitrogen) for 60 min at room temperature. Primary antibodies (see below) diluted in phosphate-buffered saline (PBS, Sigma-Aldrich)/4% HS were applied overnight at 4°C. Appropriate fluorescent secondary antibodies diluted 1:500 in PBS/4% HS/30 nM Hoechst [Invitrogen]) were applied for 2 hours at room temperature.
Organoid µTENNs were also analyzed using paraffin-embedded sections. Whole constructs were fixed in 4% formaldehyde for 35 min and processed through a 6-hour cycle of ascending concentrations of ethanol and xylene. The constructs were then embedded in paraffin, sectioned at 12 µm, and mounted on Superfrost Plus slides (Thermo-Fisher). Sections were dewaxed through 2 changes of xylene and rehydrated through 2 changes of 100% ethanol, 2 changes of 95% ethanol, and distilled water. For identification of neurons (Tuj-1, MAP2), astrocytes (GFAP), and neural progenitors (Pax6), sections were subjected to modified pressure-cooker/microwave antigen retrieval using TRIS-EDTA buffer for 8 min. Following antigen retrieval, sections were blocked for 30 minutes using blocking serum from the Vectastain Elite Universal Kit (Vector in immunostained µTENNs, constructs were placed vertically in a block of 5% agarose with a preformed orifice that fit the micro-column. The construct was then imaged using a 16x immersion objective and a Nikon A1RMP+ multi-photon microscope linked with NiS Elements AR 4.60.00.
Neurite outgrowth quantification
The length of neurite outgrowth in organoid µTENNs was determined by measuring the distance from the organoid cell mass to the longest observable neurite using Fiji (NIH) in confocal images taken from live constructs at 1, 4, 7, 10, 30, 40, and 50 DIV (n = 4 for all time points except for n = 6 at 30, 40, 50 DIV). GFP+ organoids from the same differentiation batch also were cultured on laminin-coated planar surfaces as controls. In this case, the length of growth was quantified by tracing the length of the longest neurite from phase contrast images taken at 1, 4, 7, 10, and 30 DIV using the Simple Neurite Tracer plugin (n = 9 at all time points except n = 3 at 30 DIV because of organoid detachment). Imaging and quantification of controls stopped after 30 DIV because all organoids had detached. The length change rate at each time point was estimated based on the previous time point by the backward difference method.
Differences in outgrowth and growth rate between time points in 3D micro-columns and between planar controls and 3D micro-columns were assessed with one-way analysis of variance (ANOVA) and two-way ANOVA, respectively, with Tukey's test for multiple comparisons (p < 0.05 as the criterion for statistical significance). These analyses, and all below unless otherwise noted, were carried out in Prism 8 (GraphPad).
To compare the neurite density along micro-columns, five regions of interest (ROI) of equal size (163 pixels x 80 pixels) were selected in the GFP and Tuj1 channels along the region spanned by axon tracts (n = 3 constructs for each group) in ESC-derived organoid µTENNs. Two peripheral ROIs were chosen adjacent to the organoid cell mass, two inner ROIs were selected with their center at 25 and 75% of the length of the neurite region, and one central ROI was located midway along the neurite region. The ROIs were cropped and converted to 8-bit images using ImageJ (NIH), and the mean gray scale value was measured. These values were corrected for background fluorescence by subtracting the mean gray scale values derived from three randomly selected background regions (163 pixels x 80 pixels) in the original images. To facilitate comparisons across samples, these background-corrected values were normalized relative to the maximum gray scale value in the organoid cell mass region of each sample. Normalized values were averaged across each ROI group (n = 6 for peripheral and inner and n = 3 for central ROIs). Pairwise differences were evaluated with Tukey's test for multiple comparisons (p < 0.05 as the threshold for statistical significance).
Assessment of organoid cell mass size
ImageJ was used to measure the area of the organoid cell mass in the Hoechst channel in whole hESC-derived organoid µTENNs. These values were averaged across samples from each group. An unpaired t-test was applied to compare the somatic size between conditions (p < 0.05 as the threshold for statistical significance).
Automated Satb2+ and CTIP2+ cell counting
Counting of Satb2+ and CTIP2+ cells in ESC-derived organoid µTENN sections was performed utilizing a custom MATLAB script. This automated, feature-based segmentation methodology was comprised of the following sequential steps ( Figure S4 ).
Color images (Satb2 or CTIP2) were converted to a greyscale binary image using Otsu's thresholding. In regions of high cell density, the binary mask represented overlapping cells as connected components, which would result in undercounting of cells. In order to correct for overlapping cells, the binary images were pre-processed with a distance transform gradient, and a watershed transform was then applied to separate clustered cells. Following the watershed transform, individual cells were segmented and counted to generate the number of Satb2+ and CTIP2+ cells. To count the number of Satb2+/CTIP2+ cells, segmented Satb2 and CTIP2 images were overlaid on top of each other. Object coordinates that were positive for both signals were preserved while image coordinates with one or no signals were eliminated. The remaining segmented components represented cells that were double-positive and were quantified. The number of double-positive cells was subtracted from the Satb2 and CTIP2 cell counts to compute the number of Satb2-only and CTIP2-only cells, respectively.
Characterization of organoid tissue structure
The degree of organoid tissue structure in ES-derived organoid µTENN sections was scored using a 0-2 scale (0=no organization, 1=geographic segregation of Satb2+ and CTIP2+ cells but no laminar structure, 2=laminar structure) by three authors (DKC, WG, HIC) who were blinded to the other authors' scores. Mean organization scores were then 17 calculated. These scores were used to compare sides within organoid µTENN constructs over time. Organization scores were compared across time points with an unpaired t test.
Data segregated by organization classification and time points were analyzed with a twoway ANOVA. Frequency of cellular phenotypes was compared across phenotype and time points using two-way ANOVAs. If differences were detected between groups, Tukey's post hoc test was employed with a Bonferroni correction to account for multiple comparisons (p < 0.05 was considered significant). All analyses were carried out in R Studio Version 1.0.143.
Analysis of neuronal migration
The extent of neuronal migration from the organoid mass within µTENNs was evaluated using bidirectional iPSC-derived brain organoid µTENNs cultured for 15 and 30 DIV (n = 4 each) within 0.5-cm micro-columns. After incubation of fixed constructs for 10 min with Hoechst (1/10,000 in PBS), these µTENNs were imaged, and the Hoechst channel was analyzed for cell migration. First, binary masks of the images were made in Fiji and precisely cropped to encompass only the width of the lumen and the distance from organoid to organoid. The Hoechst+ area was measured in 100 windows of equal width along this distance and normalized relative to the window area using a custom-made MATLAB script. Differences between normalized Hoechst+ areas as a function of window number and time were assessed with two-way ANOVA and Sidak's multiple comparisons test (p < 0.05 was significant).
Viability quantification 18
We assessed viability in hiPSC-derived organoids at 30 and 60 DIV using bidirectional µTENNs (n = 6 constructs at each time point) and controls consisting of organoids cultured floating in media (n = 7 at each time point). Organoid µTENNs and controls were rinsed once in DPBS and incubated in 1/2000 calcein-AM and 1/500 ethidium homodimer-1 (EthD-1) (ThermoFisher) in DPBS for 30 min at 37ºC. After two rinses in DPBS, whole constructs and controls were imaged using confocal microscopy, and the maximum intensity projection of the z-stacks was taken. To estimate viability within the organoid mass, the green (calcein-AM+) and red (EthD-1+) channels of the projection were converted to 8-bit images using Fiji. Subsequently, the images were binarized by setting manual global thresholds to obtain cell-shaped regions; different thresholds were chosen for each image given that consistent values did not accurately reflect intrinsic differences in each image. The areas of calcein AM+ and EthD-1+ cells were quantified only in the organoid mass region, and the live cell area ratio was defined as the ratio of calcein AM+ area over the total area of calcein AM+ and EthD-1+ cells.
Differences in viability in terms of time and group were analyzed using two-way ANOVA with Tukey's test for multiple comparisons (p < 0.05 was considered significant).
Analysis of organoid integration and calcium signaling
Bidirectional µTENNs were fabricated with a GFP+ and RFP+ organoid on either end of a 1-mm micro-column. These constructs were imaged with confocal microscopy at different time points, and the distances between the longest GFP+ and RFP+ neurite and the edge of the GFP+ and RFP+ organoid were measured. To approximate the time for 19 differential neurite crossing and integration with the other organoid mass, the normalized neurite position was defined as the organoid-specific (GFP+ or RFP+) neurite length relative to the distance between the two organoids. With this definition, 0 and 1 referred to the edges of the GFP+ and RFP+ organoid, respectively.
Calcium activity was assessed after culturing iPSC-derived, non-fluorescent, bidirectional organoid µTENNs for 15 DIV (dd77 at imaging) in a 1-mm micro-column.
The constructs were incubated with 5 µM Fluo-4 (Thermo Fisher Scientific) in Neuronal Media without growth factors for 30 min at 37°C and then rinsed with media before imaging. Calcium imaging was performed in Neuronal Media at room temperature using a 10x objective and Nikon A1RMP+ multi-photon microscope paired with NiS Elements AR 4.60.00. Videos were recorded at 5 frames per second.
Selection of ROIs and extraction of mean gray values were performed using ImageJ. Calcium responses were calculated using Fluoro-SNNAP software. In brief, background was subtracted from the signals in each sample, and then, ΔF/F0 values were calculated for each ROI using the 10th percentile value of the complete raw fluorescence trace as F0. Identification of calcium events and calculation of synchronization indices (scale of 0-1) within and between organoids were also done with FluoroSNNAP. For each sample, 6 ROIs around active neuronal somata were selected for these analyses.
Default FluoroSNNAP settings, including the reference calcium waveform library, were used.
